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Abstract: Hepatocellular carcinoma shows low response to most conventional chemotherapies; 
additionally, extrahepatic metastasis from hepatoma is considered refractory to conventional 
systemic chemotherapy. Target therapy is a promising strategy for advanced hepatoma; however, 
targeted accumulation and controlled release of therapeutic agents into the metastatic site is still a 
great challenge. Folic acid (FA) and paclitaxel (PTX) containing composite micelles (FA-M[PTXJ ) 
were prepared by coassembling the FA polymer conjugate and PTX polymer conjugate. The main 
purpose of this study is to investigate the inhibitory efficacy of FA-M(PTX) on the pulmonary 
metastasis of intravenously injected murine hepatoma 22 (H22) on BALB/c mice models. The lung 
metastatic burden of H22 were measured and tissues were analyzed by immunohistochemistry 
and histology (hematoxylin and eosin stain), followed by survival analysis. The results indicated 
that FA-M(PTX) prevented pulmonary metastasis of H22, and the efficacy was stronger than 
pure PTX and simple PTX-conjugated micelles. In particular, the formation of lung metastasis 
colonies in mice was evidently inhibited, which was paralleled with the downregulated expression 
of matrix metalloproteinase-2 and matrix metalloproteinase-9. Furthermore, the mice bearing 
pulmonary metastatic hepatoma in the FA-M(PTX) group gained significantly prolonged survival 
time when compared with others given equivalent doses of PTX of 30 mg/kg. The enhanced 
efficacy of FA-M(PTX) is theoretically ascribed to the target effect of FA; moreover, the exten- 
sive pulmonary capillary networks may play a role. In conclusion, FA-M(PTX) displayed great 
potential as a promising antimetastatic agent, and the FA-conjugated micelles is a preferential 
targeted delivery system when compared to micelles without FA. 

Keywords: pulmonary metastasis, folate receptor, paclitaxel, polymer-drug conjugate, targeted 
drug delivery 

Introduction 

Hepatocellular carcinoma (HCC) is currently one of the most common solid tumors 
and one of the leading causes of cancer-related death, which has a dismal overall 
prognosis, with more than 90% of affected individuals dying of the disease. 1,2 
Additionally, only about 20% of HCC patients are eligible for surgery, which is still 
the most effective treatment with curative potential. 3 Furthermore, tumor metastasis 
is the primary cause of severe mortality, and pulmonary metastases account for over 
50% of extrahepatic HCC metastases, more than 80% of which are advanced. 4 " 6 
Nevertheless, most chemotherapeutic agents show limited effectiveness and fail to 
improve patient survival. 7 ' 10 Moreover, HCC is inherently chemotherapy-resistant, 
which overexpresses multidrug-resistant genes such as MDR1 (P-gp) and the 
multidrug-resistance proteins. 11-13 The adverse clinical course of most HCC patients 
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underscores the need for more efficacious chemotherapies 
and the development of targeted strategies. 14 Furthermore, 
cancer cells that have distributed to distant organs often 
remain dormant. 15 Recently, the process of tumor metastasis 
has been thoroughly investigated and some pharmaceutical 
agents, including molecular target drugs, have been devel- 
oped to inhibit a specific step of metastasis. 16 

It was reported that paclitaxel (PTX) inhibits the growth 
of liver cancer cells; 17 however, the clinical application of 
PTX is limited for low water solubility and nonselective tox- 
icity. Thanks to nanotechnology, the controlled release of anti- 
cancer agents could enhance their effective delivery, 18 which 
may lead to an enhancement in both the intensity and duration 
of exposure of drugs at the target site. 19 A Cremophor*-free 
(BASF SE, Ludwigshafen, Germany) formulation of PTX 
nanoparticles called Abraxane* (Celgene Corporation, Sum- 
mit, NJ, USA) has been approved by the United States Food 
and Drug Administration for recurrent metastatic breast can- 
cer. 20 To improve target efficiency and to reduce side effects, 
introducing target molecules, such as folic acid (FA), mono- 
clonal antibodies (mAb225, and so on), and peptides into 
nanoparticles is necessary because they could recognize and 
bind to specific receptors that are unique to tumor cells. 21-23 
As an active targeting moiety and natural element, FA does 
not induce allergies as many proteins do; furthermore, it is 
overexpressed in carcinomas of the kidney, lung, and breast, 
with restricted expression in most normal tissues. 24 There- 
fore, nanoparticles functionalized with FA can specifically 
promote their cancer cellular uptake through folate receptor 
(FR)-mediated endocytosis, and folate-decorated mixed poly- 
meric nanoparticles are potential carriers for tumor-targeted 
drug delivery. 25,26 

To date, the therapeutic evaluation of PTX micelles on 
the pulmonary metastasis of hepatoma is of vital urgency. 
However, to the best of our knowledge, there has been little 
work done on the study of targeted therapy of FR-mediated 
PTX-conjugated micelles for pulmonary metastatic hepatoma 
in vivo. Based on these facts, the antitumor activity of the 
FA- and PTX-containing composite micelles was performed 
on hepatoma 22 (H22) cells both in vitro and in vivo. In 
detail, the cellular uptake of rhodamine B (RhB)-labeled 
micelles by HeLa, H22, and nontumorigenic BEAS-2B cell 
lines, and their cellular viability as well as apoptosis were 
evaluated. Furthermore, the inhibition efficacy of the bifunc- 
tional PTX polymeric micelles on the pulmonary metastasis 
of intravenously injected H22 cells was investigated in vivo, 
including an immunohistochemistry (IHC), hematoxylin and 
eosin (HE) stain, and survival analysis, with a view to provide 



a theoretical basis for the clinical therapy of pulmonary 
metastatic HCC. 

Materials and methods 

Polymeric micelles 

Polymeric carriers as amphiphilic diblock copolymers 
poly(ethylene glycol)-block-poly( 1 -lactide-co-2-methyl-2-car- 
boxyl-propylene carbonate) (MPEG-b-P[LA-co-MCC]) and 
poly( ethylene glycol)-block-poly(lactide-co-2,2-dihydroxy- 
methylpropylene carbonate) (MPEG-b-P[LA-co-DHP]) for 
the conjugation of FA and PTX were prepared as previously 
reported in our laboratory. 27-29 MCC and DHP denote tri- 
methylene carbonate units with pendant carboxyl (COOH) 
and dihydroxyl (OH) groups, respectively. Based on these 
works, FA- and PTX-containing mixed micelles (FA-M[PTX]), 
were prepared, and the formulas are shown in Table S 1 and 
Figure S 1 . Dynamic light scattering was used again in this 
study to characterize the hydrodynamic size and poly-dis- 
persity of M(PTX) and FA-M(PTX) in each preparation. The 
morphology of the micelles was evaluated by transmission 
electron microscope (TEM) (Philips CM120; Koninklijke 
Philips NY Eindhoven, the Netherlands) as well. 

Cell culture 

The murine hepatoma cell line H22, human cervix epithelial 
carcinoma HeLa, and the human bronchial epithelial cell line 
BEAS-2B were obtained from the Shanghai Cell Center of 
Chinese Academy of Medical Science (Shanghai Institutes 
for Biological Sciences, Shanghai, People's Republic of 
China). The H22 and HeLa cells were cultured with FA-free 
Roswell Park Memorial Institute (RPMI) 1640 medium 
(Sigma- Aldrich, St Louis, MO, USA) with 1% penicil- 
lin and streptomycin, and 10% fetal bovine serum (FBS) 
(Gibco-BRL; Life Technologies, Carlsbad, CA, USA), while 
the BEAS-2B cells were incubated in serum-free medium; 
LHC-9 (Biofluids, Inc., Rockville, MD, USA) were incu- 
bated in a humidified incubator (SANYO Electric Co, Ltd, 
Moriguchi, Osaka, Japan) containing a 5% C0 2 -humidified 
atmosphere at 37°C. 

Cellular viability assay 

The cytotoxicity of PTX, M(PTX), and FA-M(PTX) to H22 
cells was determined by cellular viability assay, as reported. 30 
In brief, cells were plated at 10 4 cells/well in 96-well plates in 
FA-free RPMI 1 640. The following day, the cells were treated 
with different forms of PTX at different gradient concentra- 
tions. At the desired time points of 12 hours, 24 hours, and 
48 hours, trypan blue was used to measure the suspended 
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H22 cellular death by counting the number of dead (blue) 
and live cells. The cellular viability assay was performed 
five times, independently, and the data was expressed as the 
mean + standard error (SE). 

Hoechst 33342/propidium 
iodide (PI) double-stain assay 

The H22 cells were inoculated into a six-well plate with 
5 x 10 5 cells per well. The following day, the drugs were 
added into the wells at the final equivalent PTX concentra- 
tion of 100 ng/mL. Apoptosis of the tumor cells after being 
incubated with drugs for 24 hours and 72 hours, respec- 
tively, was detected using a Hoechst 33342/PI apoptosis 
detection kit (GenScript USA Inc., Piscataway, NJ, USA) 
by FACSCalibur™ Flow Cytometer (BD, Franklin Lakes, 
NJ, USA), as reported. 31 Apoptotic cells were positively 
stained only with Hoechst 33342, whereas necrotic/dead cells 
were positively stained with PI. The three quadrants could 
be assigned to normal cells (P2), apoptotic cells (P3), and 
necrotic cells (P4), expressed in histograms. 

Cellular uptake of rhodamine B-labeled 
micelles using flow cytometry 

Two kinds of micelles containing RhB were prepared by a 
solvent evaporation method as previously reported. 32 FA 
and RhB were conjugated to the same copolymer carrier. In 
detail, one is an RhB-containing and FA-free (f) copolymer 
(FA-f-micelles) poly(ethylene glycol)-b-poly(L-lactide-co- 
2,2- dihydroxylmethyl-propylene carbonate/RJiB) (PEG- 
b-P[LA-co-DHP/RhB]), and the other is an RhB- and 
FA-containing composite micelle (FA-mixed micelles) 
prepared from a mixture of the FA-polymer conjugate, PEG- 
b-P(LA-co-DHP/FA) and the RhB-containing copolymer 
PEG-b-P(LA-co-DHP/RhB), with a mass ratio of 1:9. The 
RhB-labeled micelles were used for the evaluation of the 
presumed preferential uptake of the FA-containing micelles 
by tumor cells with overexpressed FR (HeLa and H22), com- 
pared to that of normal cells (BEAS-2B), and the differential 
uptake of the FA-mixed micelles/FA-f-micelles by these cells 
based on the theoretical FR-mediated endocytosis. The three 
cell lines were plated at 5 x 10 5 cells/well in six- well plates in 
different FA-free medium and they were incubated overnight. 
Then, the cells were divided into six groups (five samples for 
each) and incubated with 0.1% FA-f-micelles and FA-mixed 
micelles solutions, respectively, in renewed FBS- and FA-free 
medium for 2 hours at 37°C. Then, the suspended cells of 
H22 and the adherent cells of HeLa and BEAS-2B were col- 
lected carefully with or without ethylenediaminetetraacetic 



acid-free trypsin by centrifugation ( 1 ,000 rpm, 5 minutes) 
and washed three times with cold phosphate buffered saline 
(0°C-4°C). Then, the samples were adjusted to 1 0 6 cells/tube 
and detected by flow cytometry (FCM) in 30 minutes. 

Establishment of models bearing 
pulmonary metastatic hepatoma 

Five- to 6-week-old female BALB/c mice weighing 
20-22 g were obtained from the Institute of Laboratory Ani- 
mals, Chinese Academy of Medical Science (Beijing, People's 
Republic of China) and raised in a specific -pathogen-free 
facility for in vivo experiments following Chinese government 
guidelines. All animal procedures were approved and con- 
trolled by the local ethics committee and carried out according 
to the guidelines of the Chinese law of protection of animal 
life. 33 The mice were housed at 20°C~22°C, with a relative 
humidity of 40%~60% and a 12-hour light/12-hour dark cycle. 
H22 cells were collected and injected into the abdomen of 
a BALB/c mouse for 10 days. When the enlarged abdomen 
was observed the ascites was harvested and washed with 
0.9% saline for three times in 30 minutes at 22°C. Then, the 
cells were adjusted in 0.9% saline to 1 x lOVmL with >95% 
viability tested by trypan blue. Finally, 2 x 10 5 cells of live 
H22 (0.2 mL for each mouse) was injected into the caudal 
vein. The survival status of the mice was recorded. 

Therapeutic regime of the models 

In this study, the drugs were given at two doses: 15 mg/kg 
(mouse body weight) (injected three times) in three groups; 
and 30 mg/kg (injected 6 times) in another three groups. On 
the 5th, 6th, and 7th day after the intravenous burden of H22 
cells, 1 82 BALB/c mice (weighing 2 1 .4+1 .6 g) in good condi- 
tion were selected and randomly divided into seven groups (26 
for each group), and they were caudal vein-injected daily with 
0.4 mL of 0.9% saline (group A, control) or 0.4 mL of 0.9% 
saline solution containing PTX (group Bl), M(PTX) (group 
CI), and FA-M(PTX) (group Dl), respectively, for three times 
(once per day) with a total equivalent PTX dose of 15 mg/kg; 
furthermore, on the 12th, 13th, and 14th day after the intra- 
venous injection of H22 cells, the models in the PTX (group 
B2), M(PTX) (group C2), and FA-M(PTX) (group D2) groups 
were caudal vein-injected daily for three times, as above, with 
the final equivalent dose of PTX up to 30 mg/kg. 

Evaluation of pulmonary 
metastasis inhibition 

On the 21st day after the injection of tumor cells, 42 mice 
were randomly selected (six mice from each group) 
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and sacrificed. At necropsy, metastasis burden refers to the 
relative increase to the total lung weight. The excised lungs 
were weighed and the pulmonary metastasis colonies on the 
surface of the lungs were counted. Then, the excised lungs 
were fixed in a 4% paraformaldehyde solution overnight 
and processed for paraffin sections followed by an HE 
and IHC stain. The rest of the 140 mice were fed for the 
survival analysis. 

Immunohistochemistry assay 

This assay was conducted in accordance with the 
manufacturer's instructions. The IHC kit was purchased from 
Beijing Zhongshan Golden Bridge Biotechnology Co, Ltd, 
(Beijing, People's Republic of China). The paraffin slides 
of excised lung (4 u.m in thickness) were dewaxed follow- 
ing the avidin-biotin-peroxidase method (Vector ABC kit; 
Vector Laboratories, Burlingame, CA, USA). After blocking 
endogenous peroxidase with a 3% hydrogen peroxide solu- 
tion for 15 minutes, the sections were boiled in 10 mM citrate 
buffer (pH 6.0) for 25 minutes and cooled for 20 minutes, 
then incubated overnight at 4°C with the primary antibody at 
a dilution of 1 : 50 of matrix metalloproteinase (MMP)-2 and 
1:100 of MMP-9, respectively. Following this, the sections 
were incubated with biotinylated antirabbit immunoglobulin 
G, which was diluted to 1:100 for 10 minutes followed by 
incubation with ABC at a dilution of 1 : 100 for 10 minutes 
at 22°C. The peroxidase reaction was visualized with 0.05% 
diaminobenzidine as the coloring agent and 0.01% hydro- 
gen peroxide; it was then counterstained with hematoxylin. 
Negative controls were stained without the primary antibody. 
Based on the cytoplasmic stain, the diffusiveness and inten- 
sity of the stain were semiquantitatively evaluated using an 
Olympus BX5 1 microscope (Olympus Corporation, Tokyo, 
Japan) to measure the mean gray values (the gray value is a 
measure of light brightness, expressed as a number from 0 
["black"] to 255 ["white"], which means that high gray scale 
values correspond to low immunoreaction intensities) using 
the Motic® Images Advanced 3.2 image analysis system 
(Ted Pella, Inc., Redding, CA, USA). The gray values at five 
random locations in the 400x micrograph of one lung section 
were averaged as the mean of one lung tissue. 

Hematoxylin and eosin (HE) 
staining of the tumor slices 

The tumor tissue fixed for 48 hours in a 4% paraformaldehyde 
solution was dehydrated, embedded in rosin, sectioned, and 
stained with HE (HE kit; Sigma-Aldrich), and observed by 
light microscopy. 



Survival analysis 

The general conditions and death time of the remaining 
140 mice bearing pulmonary metastatic hepatoma (20 in 
each group) were recorded daily for the survival analysis, 
which was censored on the 75th day after the intravenous 
burden of H22 cells. For the survival analysis, all of the mice 
were confirmed by necropsy and HE stain after they were 
sacrificed, and the models with confirmed lung metastasis 
colonies were included in this study. A total of 140 BALB/c 
mice in seven groups were used for the survival analysis. All 
of the mice used for the survival study with lung metastasis 
colonies were confirmed by necropsy and HE stain, which 
showed that the tumor-bearing success rate is up to 100% 
in this study. 

Statistical analysis 

Statistical analysis was performed using the Statistical 
Package for the Social Sciences (SPSS 16.0) for Windows 
software (IBM Corporation, Armonk, NY, USA). The data 
were presented as the mean + SE (x + SE). Comparison of 
the data between the different groups was made by analysis 
of variance. Kaplan-Meier survival plots were generated, 
and comparisons between the survival curves were made 
with the log-rank test. P<0.05 was regarded as a statistically 
significant difference. 

Results 

Preparation of M(PTX) and FA-M(PTX) 

As shown in Table S 1 , FA and PTX containing composite 
micelles (FA-M[PTX]) (PTX content 22.5 wt%) were 
prepared by coassembling the FA-polymer conjugate, 
MPEG-b-P(LA-co-DHP/FA) (FA content 1.4 wt%) 
and PTX-polymer conjugate, poly(ethylene glycol)-b- 
poly(L-lactide-co- 2-methyl-2-carboxyl-propylene carbon- 
ate/PTX) (MPEG-b-P[LA-co-DCC/PTX]) (PTX content 
25 wt%), with a mass ratio of 1:9. The morphologies of 
the M(PTX) and FA-M(PTX) micelles were observed by 
dynamic light scattering and TEM again (Table SI). The 
TEM images revealed that the micelles are dispersed as 
individuals with a well-defined spherical shape, and they 
were homogeneously distributed around 40-60 nm in 
diameter. 

Study in vitro 

Cellular viability assay 

The cell viability of H22 incubated with PTX, M(PTX), 
and FA-M(PTX) for 12 hours, 24 hours, and 48 hours is 
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depicted in Figure 1 as a function of the equivalent PTX 
concentration. Both dose-dependent and time-dependent 
cytotoxicity are observed. All the drugs are inhibitory 
to H22, as shown in Figure 1. Under most cases given in 
this study, there were no significant differences between 



M(PTX) and FA-M(PTX) on H22 after incubation from 
12 hours to 48 hours; moreover, it is indicated that pure PTX 
is the most efficacious among the three agents in vitro at 
12 hours, as the half maximal inhibitory concentration (IC 50 ) 
of the M(PTX) and FA-M(PTX) is 4.01 and 3.54 times, 
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Figure I Viability of H22 cells after co-incubation with PTX, M(PTX), and FA-M(PTX) for 1 2 hours, 24 hours, and 48 hours, respectively. 
Notes: Cell viability of H22 cells after co-incubation with PTX, M(PTX), and FA-M(PTX) for (A) 1 2 hours; (B) 24 hours; and (C) 48 hours. 
Abbreviations: PTX, paclitaxel; M(PTX), paclitaxel-containing micelles; FA-M(PTX), folic acid and paclitaxel-containing mixed micelies; H22, hepatoma 22. 
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respectively, that of PTX (342.83 ng/mL). Nevertheless, 
theIC 50 of the micelles is 1.55 and 1.32 times, respectively, 
that of PTX (191.19 ng/mL) at 24 hours; furthermore, the 
IC 50 of the micelles showed obvious similarities at 48 hours 
compared with PTX (20.59 ng/mL), which demonstrated the 
theoretically controlled release of PTX from the micelles 
in RPMI 1640 medium in a time-dependent manner. For 
instance, the viability of H22 incubated with 100 ng/mL of 
PTX, M(PTX), and FA-M(PTX) is inhibited to 22%, 28%, 
and 24%, respectively, at 48 hours. However, the presumed 
preferential endocytosis of FA-conjugated micelles by H22 
compared with the FA-free micelles was not indicated by 
cellular viability at the three time points given all the con- 
ditions in this study. 



Hoechst 33342/PI double-stain assay 

The blue fluorescent dye of Hoechst 33342 stains the con- 
densed chromatin in apoptotic cells more brightly than nor- 
mal chromatin, while the red fluorescent dye of PI is only 
permeant to dead cells. A simultaneous stain of the dyes could 
distinguish normal, apoptotic, and dead cell populations by 
FCM and fluorescence microscopy. The time-dependent 
apoptosis of H22 cells induced by the drugs was observed. 
As shown in Figure 2, the apoptosis of the drug groups was 
evidently higher when compared with the control at 24 hours 
and 72 hours. The mean apoptosis rate of PTX, M(PTX), 
and FA-M(PTX) was 16.8%, 8.8%, and 11% at 24 hours, 
while it was up to 39.4%, 34.9%, and 37.7% at 72 hours, 
respectively. There was a significant difference between PTX 
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Figure 2 The apoptosis of H22 detected by FCM and the apoptosis of H22 detected by FCM after incubation with drugs for 24 hours and 72 hours. 
Notes: (A) The apoptosis of H22 detected by FCM; (B) the apoptosis of H22 detected by FCM after incubation with drugs for 24 hours and 72 hours. 
Abbreviations: PTX, paclitaxel; M(PTX), paclitaxel-containing micelles; FA-M(PTX), folic acid and paclitaxel-containing mixed micelles; H22, hepatoma 22; FCM, flow 
cytometry; PI, propidium iodide; P2, normal/live cells; P3, apoptosis cells; P4, necrotic cells. 
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and the two micelles (P=0.006 and P=0. 042, respectively) at 
24 hours, while there was not an obvious difference between 
M(PTX) and FA-M(PTX); however, there was no statistical 
difference among the three drugs at 72 hours. The data were 
in accordance with the results of the cellular viability assay; 
this may be ascribed to the controlled release of PTX from the 
micelles in the medium. In conclusion, the apoptosis of H22 
induced by three drugs follows the order as M(PTX) < FA- 
M(PTX) < PTX at 24 hours, while the following order was 
observed at 72 hours: M(PTX) < FA-M(PTX) < PTX. 

Cellular uptake of RhB-labeled micelles 
detected using flow cytometry 

The different uptake of the micelles by cancer cells and 
normal cells is important for the development of micelles 



as novel cancer therapeutic agents. The cellular uptake of 
the RhB-labeled FA-f-micelles and FA-mixed micelles was 
studied on HeLa, H22, and BEAS-2B cells to evaluate the 
role of FR-mediated endocytosis. 

The three cell lines were exposed to 0.1% FA-f-micelles 
and FA-mixed micelles for 2 hours, respectively, and a quan- 
titative analysis by FCM was performed. It is presumed and 
confirmed in this study that the cellular uptake of FA-mixed 
micelles was increased in HeLa and H22 cells with overex- 
pressed FR when compared to nontumorigenic BEAS-2B 
cells. As shown in Figure 3, the obvious preferential uptake 
of FA-mixed micelles was shown in cancer cells (HeLa, 
62.1%; H22, 55.4%) compared with BEAS-2B cells (37.6%). 
Furthermore, an increased uptake of FA-f-micelles by HeLa 
(41.8%) and H22 (40. 1%) was observed when compared with 
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Figure 3 The fluorescence intensity detected by FCM and the uptake of RhB-labeled FA-f micelles and FA-mixed micelles for 2 hours. 

Notes: (A) The fluorescence intensity detected by FCM; (B) the uptake of RhB-labeled FA-f-micelles and FA-mixed micelles for 2 hours. *P-0.00 1 , compared with the uptake 
of FA-f-micelles by HeLa; # P=0.024, compared with the uptake of FA-f-micelles by H22. 

Abbreviations: H22, hepatoma 22; FA-M, folic acid-containing composite micelles; RhB, rhodamine B; M, micelles; FA-f-micelles, folic acid-free copolymer micelles; FCM, 
flow cytometry. 
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BEAS-2B (36.5%). Statistically, HeLa and H22 revealed the 
enhanced cellular uptake of FA-mixed micelles compared 
with BEAS-2B (P<0.001 and P=0.017, respectively). 
Moreover, the uptake of FA-mixed micelles by the two 
cancer cells was significantly increased compared with that 
of FA-f-micelles (P<0.001). In addition, HeLa showed the 
preferential uptake of FA-mixed-micelles compared with H22 
(P=0.036), which implicated FA-FR mediated endocytosis. 
In addition, the lower uptake of FA-f-micelles and FA-mixed 
micelles by normal bronchial cells compared with the cancer 
cells further supported the hypothesis of reduced side effects 
of PTX micelles compared with pure PTX. 



(A, B 1 , C 1 , and D 1 groups) and 30 mg/kg (A, B2, C2, and D2 
groups), respectively. Furthermore, among these groups, the 
pulmonary metastasis burden of the D2 group was evidently 
lower than that of the A, Bl, B2, and CI groups (P=0.004) 
compared with the CI group. Moreover, no significant dif- 
ferences were observed between C2 or Dl and D2 (P=0.250 
and P=0.086, respectively). Based on these data, it is safe 
to conclude that the tumor pulmonary metastasis inhibition 
efficacy of M(PTX) as well as FA-M(PTX) are superior 
to pure PTX. However, the presumed enhanced inhibitory 
efficacy of FA-M(PTX) compared with M(PTX) was not 
observed in this metastasis burden evaluation. 



Study in vivo 

Evaluation of pulmonary metastasis inhibition 

On the 21st day after intravenous injection of the H22 cells, 
42 mice were randomly selected (six mice from each group) 
and sacrificed. The excised lungs were weighed, whereas 
the number of pulmonary metastasis colonies on the lung 
surface with high density and large size were uncountable 
because of fusion of the tumor nodules. However, the density 
of the metastatic colonies was visibly decreased in the drug 
groups compared with control. As shown in Figure 4, the 
ratio of wet lung weight to body weight in the drug groups 
was statistically decreased as an index of metastasis burden 
when compared with control (P<0.05), and the ratio varied 
in an almost dose-related manner. Among these groups, 
the FA-M(PTX) displayed stronger efficacy than pure PTX 
and M(PTX) given equivalent doses of PTX at 1 5 mg/kg 




A B1 B2 

Control PTX 



ci cz 
M(PTX) 



D1 D2 

FA-M(PTX) 



Figure 4 The wet lung weight (percentage of mice body weight). 
Notes: P-values were calculated by Student's t-test *P<0.05, compared with control; 
# P<0.05, compared with the D2 group. A, control; Bl, paclitaxel 1 5 mg/kg; B2, 
paclitaxel 30 mg/kg; CI, paclitaxel-containing mixed micelles 1 5 mg/kg; C2, paclitaxel- 
containing mixed micelles 30 mg/kg; Dl, folic acid and paclitaxel-containing mixed 
micelles 1 5 mg/kg; D2, folic acid and paclitaxel-containing mixed micelles 30 mg/kg. 
Abbreviations: PTX, paclitaxel; M(PTX), paclitaxel-containing micelles; FA- 
M(PTX), folic acid and paclitaxel-containing mixed micelles. 



IHC and histopathological examination 

The expression of MMP-2/MMP-9 in 42 excised lungs was 
semiquantitatively evaluated by IHC. Following histomor- 
phological examination by light microscope, the slides were 
assessed as computerized digital pictures to analyze the mean 
color intensity (ie, gray values) using ImagePlus software 
3.2. After assessing different tissue areas or the cytoplasm 
within the pictures, the mean gray value per lung tissue was 
calculated, as reported. 34 

As shown in Figure 5 and Table 1, the microscopic tumor 
metastasis colonies detected by HE decreased in the drug 
groups in the order of PTX < M(PTX) < FA-M(PTX) when 
the equivalent dose of PTX is 1 5 mg/kg or 30 mg/kg; further- 
more, a dose-dependent therapeutic effect was indicated. 

According to the instruction, high gray values correspond 
to low immunoreaction intensities - in other words, a low 
expression level of the proteins. As shown in Table 1, for 
MMP-2, the gray value of CI, C2, Dl, and D2 was statisti- 
cally higher compared with control (P<0.05); moreover, the 
gray value of D2 was evidently more increased than that of 
the control, B 1 , B2, C 1 , and C2 (P<0.05), respectively, which 
indicated that the expression of the MMP-2 protein on the 
lung tissues of the M(PTX) and FA-M(PTX) was obviously 
downregulated compared with control and PTX. Meanwhile, 
a dose-dependent effect was observed. For MMP-9, the gray 
value of C2, Dl, and D2 was obviously increased compared 
with that of the control group; furthermore, the gray value of 
D2 was significantly higher than that of control, B 1 , B2, and 
CI (P<0.05), respectively. In conclusion, the expression of 
MMP-2 and MMP-9 were downregulated in the drug groups, 
and FA-M(PTX) demonstrated the most efficacious inhibition 
of the expression of MMP-2 and MMP-9, which implied that 
the FA-M(PTX) was superior than PTX and M(PTX) for the 
treatment of pulmonary metastatic hepatoma in vivo, given 
all the conditions in this study. 
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Morphology HE MMP-2 MMP-9 




Figure 5 The lung tissues and micrographs of tumor sections stained with HE, 
MMP-2, and MMP-9. 

Notes: A, control; Bl, paclitaxel 15 mg/kg; B2, paclitaxel 30 mg/kg; CI, paclitaxel- 
containing mixed micelles I 5 mg/kg; C2, paclitaxel-containing mixed micelles 30 mg/ 
kg; D I , folic acid and paclitaxel-containing mixed micelles 1 5mg/kg; D2, folic acid and 
paclitaxel-containing mixed micelles 30 mg/kg. 

Abbreviations: HE, hematoxylin and eosin stain; MMP, matrix metalloproteinase. 

Survival analysis 

The Kaplan-Meier survival curve is shown in Figure 6. The 
median/mean survival time of the groups was compared 
using the log-rank test (Table 2). The mice in the drug 
groups showed a prolonged survival time compared with 
the control with equivalent doses of PTX of 1 5 mg/kg as 
well as 30 mg/kg. The FA-M(PTX) was significantly more 
effective than pure PTX and M(PTX) on H22 pulmonary 
metastasis models. 

As shown in Table 2, the mean survival time of mice in the 
CI and Dl groups was prolonged compared with that in the 
B 1 group, where the mice were given equivalent PTX doses 
of 15 mg/kg; conversely, there were no significant difference 
between CI and Dl (P=0. 145). When given equivalent doses 
of PTX of 30 mg/kg, the mean survival time of the C2 and 
D2 groups was prolonged compared with B2; moreover, the 
survival time of D2 was longer than that of C2 (/*=0.01 ). Based 
on these data, it is concluded that FA-M(PTX) is more efficient 



Table I Gray value of the sections by IHC on the 2 1 st day after 
intravenous injection of H22 



Groups 


n 


Gray value (x ± SE) 




MMP-2 


MMP-9 


A 
M 


L 
0 


1 OO.JlLD./ 


1 C7 Q-t-C "}## 
1 O/.OILJ.J 


Bl 


6 


I74.0±5.0** 


174.211.8** 


B2 


6 


I78.8±7.0** 


178.513.2** 


CI 


6 


183.0+2.9** 


177.817.5* 


C2 


6 


184.514.8** 


189.017.2* 


Dl 


6 


I87.0±5.0* 


I92.5+5.4** A 


D2 


6 


I99.5±3.6** 


202.213.9** 



Notes: For MMP-2 and MMP-9 respectively, *P<0.05, **P<0.0 1 versus the A group; 
*P<0.05, **P<0.0l versus the D2 group; A P<0.05 versus the Bl group. A, control 
group; Bl, paclitaxel 15 mg/kg; B2, paclitaxel 30 mg/kg; CI, paclitaxel-containing 
mixed micelles at 15 mg/kg; C2, paclitaxel-containing mixed micelles at 30 mg/kg; 
D I , folic acid and paclitaxel-containing mixed micelles at 1 5 mg/kg; D2, folic acid and 
paclitaxel-containing mixed micelles at 30 mg/kg. 

Abbreviations: IHC, immunohistochemistry; H22, hepatoma 22; n, number; SE, 
standard error; MMP, matrix metalloproteinase. 

than PTX and M(PTX) in terms of the survival benefit for 
the pulmonary tumor metastasis mice models in this study. 
As for the dose-related analysis, the survival time of the B2 
group was longer than that of the B 1 group (P=0.00 1 ), while 
the survival time of the C2 group was longer than that of 
the CI group (.P=0.001). In addition, the D2 group showed 
a prolonged survival time when compared to that of the Dl 
group OP=0.011), which implied that there was an obvious 
dose-dependent survival prolongation effect. 

Normal tissues with restricted expression of FR could 
suffer reduced side effects compared with that of malignant 
tissues with overexpressed FR via FR-mediated endocytosis; 24 
furthermore, the adverse effects associated with polyoxyeth- 
ylene castor oil as a solution of PTX are avoided, which may 



Survival functions 




Days after the intravenous injection of H22 cells 



Figure 6 Kaplan-Meier survival curves of the H22 pulmonary metastasis mice. 
Abbreviations: PTX, paclitaxel; M(PTX), paclitaxel-containing micelles; FA- 
M(PTX), folic acid and paclitaxel-containing mixed micelles; H22, hepatoma 22. 
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Table 2 Median survival time and mean survival time of the mice 



Group 




1 1 (_ U 1 ti 1 1 X 9t 


95% CI 


Moan 4- CP 

i lean x 


95% CI 






(d^ 


(d) 


\ u t 




A 


20 


2.6.0+ 1 _ 1 


23.8-28.2 


26.3±0.6 


25.0-27.6 


Bl* 


20 


29.0±0.6 


27.9-30.1 


29.9±0.9 


28.0-31.7 




20 


34.0±2.8 


28.5-39.5 


36.411.8 


32.9-39.8 


CI*"" 


20 


3I.0±2.2 


26.6-35.4 


34.411.6 


31.2-37.5 




20 


42.0+1 . 1 


39.8-44.2 


43.311.8 


39.8-46.7 


DI* A 


20 


36.0+1 . 1 


33.8-38.2 


40.512.8 


34.9-46.0 


D2*' A * A 


20 


5 1 .0±2.9 


45.3-56.7 


51.613.1 


45.5-57.7 



Notes: Log-rank test (Mantel-Cox): *P<0. 01 compared with the A group; A P<0.0 1 , 
"P<0.05 (P=0.0 1 5) compared with the Bl group; *P<0.0 1 compared with the B2 
group; A P<0.0l compared with the CI group; C2 versus D2, P— 0.0 1 ; Dl versus 
D2, P=0.0l I. A, control; Bl and B2 groups, pure PTX at 15 mg/kg and 30mg/kg, 
respectively; CI and C2, M(PTX) groups with a equivalent PTX dose of 15 mg/kg 
and 30mg/kg, respectively; Dl and D2, FA-M(PTX) groups with a equivalent PTX 
dose of I 5 mg/kg and 30mg/kg, respectively. 

Abbreviations: n, number; SE, standard error; CI, confidence interval; PTX, 
paclitaxel; M(PTX), paclitaxel-containing micelles; FA-M(PTX), folic acid and 
paclitaxel-containing mixed micelles. 

be partly ascribed to the prolonged survival of the mice in 
the micelle groups. In addition, Parker et al 35 evaluated the 
folate receptor expression using a radioligand binding assay, 
and they indicated that the FR expression in the normal lung 
tissue of BALB/c mice was negligible. As shown in vitro in 
this study, the lower uptake of FA-f-micelles as well as of 
FA-mixed micelles by normal bronchial cells compared with 
the cancer cells further support reduced side effects and the 
prolonged survival time of mice in the PTX micelles group. 

It is noted that three kinds of PTX drugs display different 
orders of antitumor ability: M(PTX) < FA-M(PTX) < PTX 
in vitro and PTX < M(PTX) < FA-M(PTX) in vivo. It is 
indicated that pure PTX is often captured by the reticuloen- 
dothelial system as a foreign invader before it enters the cancer 
cells, while FA-M(PTX) displays enhanced antitumor efficacy 
for FR-mediated endocytosis and its protection for PTX in 
micelles which shield it from the reticuloendothelial system. 

Discussion 

The cellular viability and FCM assay showed that pure PTX 
is the most efficacious agent in vitro (Figures 1 and 2). This 
is probably because the pure PTX diffuses into the cancer 
cells more efficiently than M(PTX) or FA-M(PTX). Another 
possibility is that pure PTX is effective once it enters the cells, 
while PTX - conjugated and trapped in the micelles - has to 
undergo a process of controlled release. 

As shown in Figure 3, it is safe to conclude that the 
FR of tumor cells plays an important role via specific 
ligand-receptor-mediated endocytosis, which was evident 
by the differential uptake of RhB-labeled micelles that was 
paralleled with the FR expression level on the cells. Based 
on the data above, the treatment target should be properly 



selected according to the folate receptor's expression level, 
which provided a theoretical basis for clinical chemotherapy 
regimens for malignant tumors. 

The process of the establishment of hematogenous metasta- 
sis consists of multiple distinct steps, as previously reported. 36 
MMPs degrade the extracellular matrix required for tumor 
invasion, metastasis, and tumor angiogenesis. 37 Furthermore, 
the vascular endothelial growth factor, basic fibroblast growth 
factor, or transforming growth factor-b are induced or acti- 
vated by MMPs, triggering the angiogenic switch during 
carcinogenesis and facilitating vascular remodeling and neo- 
vascularization at distant sites. 38 39 The IHC assay indicated 
that the administration of PTX leads to the downregulation of 
MMP-2 and MMP-9 when compared with control, which may 
contribute to the decreased lung metastasis colonies. Besides, 
the expressions of these proteins are paralleled to the data of 
wet lung weight (percent to body weight). In conclusion, the 
relationship of MMP-2/MMP-9 and tumor pulmonary metas- 
tasis is applicable to the case of H22 cells. 

The three drug formulations inhibit pulmonary metastasis 
of H22, which may account for the downregulated expression 
of MMP-2 and MMP-9; furthermore, it is also in accordance 
with the decreased lung metastasis colonies and prolonged 
survival time noted in mice. Furthermore, FA-M(PTX) dem- 
onstrated greater efficacy than pure PTX and simple PTX 
micelles for the inhibition of hematoma lung metastasis. 

Conclusion 

Bifunctional FA-M(PTX) represented enhanced inhibi- 
tory efficacy when compared to pure PTX and M(PTX) 
for intravenously injected H22 on BALB/c mice models, 
which is theoretically ascribed to FR-mediated endocytosis. 
Additionally, the extensive pulmonary capillary networks 
may play a role via the presumed prolonged circulation of 
the micelles which needs to be further certified effect. It is 
indicated that FA-M(PTX) is a promising antimetastatic 
therapeutic agent, and that FA-conjugated micelles are a 
preferential targeted delivery system when compared to 
micelles without FA. 
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Table SI Characteristics of M(PTX) and FA-M(PTX) 



M(PTX) 



FA-M(PTX) 



Formula 



07 n 
COO, 



FA-COOH C CH ; OOC-FA 



DLS 
TEM 

CMC 
Content 



44 nm in diameter 
40-50 nm in diameter 
2.5 x 10 3 g/L 
25 wt% of PTX 




58 nm in diameter 
45-60 nm in diameter 
4.0 x \ 0 3 glL 
22.5 wt% of PTX 
1 .4 wt% of FA 




Abbreviations: M(PTX), paclitaxel-containing micelles; FA-M(PTX), folic acid and paclitaxel-containing micelles; DLS, dynamic light scattering; TEM, transmission 
electron microscopy; CMC, critical micelle concentration; PTX, paclitaxel; FA, folic acid. 
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Figure SI The procedure of this study in vivo. 

Abbreviations: PTX, paclitaxel; ICH, immunohistochemistry; HE, hematoxylin and eosin; H22, hepatoma 22; MPEG-b-P(LA-co-MCC/PTX), poly(ethylene glycol)-block- 
poly(l -lactide-co-2-methyl-2-carboxyl-propylene carbonate/paclitaxel); MPEG-b-P(LA-co-DHP/FA), poly(ethyleneglycol)-block-poly(lactide-co-2,2-dihydroxymethylpropylene 
carbonate/folic acid); FA, folic acid; FR, folate receptor. 
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